[1] We map the spatial structure of the electron belts over their radial range (L = 1 -11 R E ) using a total of 25 years of observations by NASA, ISAS, and GPS spacecraft. Correlation analysis reveals significant radial structuring of the outer belt and identifies three regions, while earlier single-spacecraft studies are used to interpret the results. The central region P 1 (L = 4.1 -7.5 R E ) has a well-known slow response (2 -3 days) most probably due to shearhydrodynamic effects of the interplanetary medium, which excite ULF waves at low latitudes. In the innermost region P 0 (L = 3.0-4.1 R E ) the electron response is rapid (<1 day). It appears related to solar wind ram-hydrodynamic inputs (compressions) and/or time-varying interplanetary electric and magnetic fields. Region P 2 (L > 7.5 R E ) has a much weaker brief response to magnetic field orientation and low interplanetary plasma velocities, anticorrelated with the other two regions. The findings and, in addition, the solarcycle modulation of the region size strongly suggest that the solar wind excites nonlinear response modes in the inner magnetosphere which are prototypically revealed in the three regions. Given this spatial variability, the optimal approach to next-generation modeling and electron storm forecasting may differ considerably for each region.
Introduction
[2] The first space missions revealed an energetic-particle (''radiation'') environment stretching beyond Earth's ionosphere [Van Allen and Frank, 1959] , whose large-scale structure inherits the azimuthal symmetry of the magnetic field. The invariant-preserving motion of particles reduces the effective geometry to radial for timescales of >1 day. The primary length scale is the geocentric distance L of the particle's field line intersection with the equatorial plane. The slot region, a particle sink at 1 < L < 2 R E due primarily to wave-particle interaction, divides the electron belt into the inner and outer zone. Further out than L = 10-12 R E on Earth's nightside, the belts overlap with the magnetospheric plasma sheet.
[3] Radiation belt particle fluxes exhibit a complex spatial and temporal variability. Relativistic electron fluxes span more than two orders of magnitude in intensity during storms that last several days. Figure 1 shows the logarithm of the directional flux of 2-6 MeV electrons, j e (t; L) log J e (t; L), at equally spaced L shells over the year 1993. Daily-average fluxes are obtained by the ProtonElectron Telescope (PET) on NASA's Solar, Anomalous, and Magnetospheric Particle Explorer (SAMPEX) [Baker et al., 1993] . We use measurements from SAMPEX/PET and three other spacecraft, at overlapping times, orbit altitudes, and energy ranges, to cross-validate results and minimize possible effects of altitude and detector energy range.
Methodology and Results
[4] We have mapped the radiation-belt structure by quantifying the electron flux variability over the entire radial range of the inner magnetosphere. The two-point radial correlation function between flux histories at L 1 and L 2 is a diagnostic for the extent and degree of coherence in the belts:
The long-term-average flux at each L i has been removed,
, and s j(L i ) is the corresponding standard deviation. For SAMPEX/PET, T is the interval 1993-2000.
[5] Rather than slowly-varying with L over the outer zone, according to standard models [e.g., Heynderickx, 2002] , the correlation function (1) has a three-block structure (Figure 2 at resolution dL = 0.1 R E ). In each block the fluxes vary in time, but remain highly coherent, while the cross-correlation between blocks remains low. We measure each region's extent using the first diagonal cross-section of C(L, L), i.e., finding the minima of C(L, L + dL). Numerical results are checked versus visual inspection and compared for successive years (and different spacecraft), identifying the following regions:
2.1. Regions P 0 and P 1
[6] At L = 3.0-4.1 and L = 4.1-7.5, respectively, they constitute the main body of the outer zone. By its size and flux content, P 1 in particular contains the vast majority of relativistic electron flux in the belts. To interpret the differences between P 0 and P 1 we compare C(L 1 , L 2 ) with the response of the flux to the solar wind. In prior work [Vassiliadis et al., 2002] we used simple filter models to approximate the response of the SAMPEX log-flux at shell L i to the primary interplanetary driver, the solar wind speed V SW :
where T s = 5 d, T = 20 d, and e(t) is the fit residual. The impulse response H(t; L) has peaks consistent with P 0 and P 1 (Figure 2b ) although their exact positions vary with the interplanetary input chosen (also there is no peak corresponding to P 2 ). Time t = 0 represents the time of solar wind impact at the magnetopause. P 1 responds slowly to the solar wind variation with the peak response amplitude at L = 5.3 ± 0.9 R E on day t = 2. The fourdecade-long historical record from the geosynchronous orbit reflects primarily this response [Paulikas and Blake, 1979] . High-speed structures in the solar wind are geoeffective in P 1 (mainly streams and secondarily shocks and interplanetary products of coronal mass ejections). The peak in H(t; L) is consistent with the longest-correlation L shell from (1), which occurs at L = 5.4 ± 0.7 R E . [7] The P 0 response is significantly faster with its peak occurring at t = 1 day or less. This is probably the response responsible for observations of rapid, deep (L < 4.0) particle injection in recent electron storms (e.g., in May 1997 [Baker et al., 1998 ] and May 1998; see also [Fung and Tan, 1998] ). The storms were induced by high-B-field magnetic clouds in the solar wind and the electron flux responded in tens of minutes to several hours after impact.
[8] Thus the relative geoeffectiveness of solar wind structures (here streams vs. magnetic clouds) varies for each region. This is most probably the result of several mechanisms whose net effect is maximized in a specific L range: for P 1 such processes include ULF wave generation due to viscous-type interactions [Farrugia et al., 2001] and their resonant absorption by low-energy electrons [Hudson et al., 1999; Elkington et al., 2003] . A ''seed'' low-energy population appears before or simultaneous to the wave growth, as a result of magnetic substorms and other effects of magnetic reconnection. No specific mechanisms have been identified for P 0 , although our ongoing research suggests that the role of the interplanetary density r SW and magnetic field B z are much more significant for this region than for P 1 .
The P 2 Region
[9] At radial distances L > 7.5 R E electron fluxes are much lower than in P 0 or P 1 . The SAMPEX count rates are fairly low at those altitudes so the P 2 block in Figure 2a period: 1989-2000) and region P 2 appears as a continuous (not stippled) block. Similar diagrams are also obtained from fluxes at two lower-energy ranges, with a weak scaling of the regional boundaries on energy.
[10] The outer boundary of P 2 is estimated from a third spacecraft, EXOS-C (Ohzora), whose HEP dataset, at energies 0.19 -3.2 MeV, overcomes certain L-shell limitations of the SAMPEX and Akebono datasets. Correlation analysis from 3.4 years of j e (t; L) shows that P 2 extends as high as L = 20 R E (Fluxes at higher L shells are not reliable due to uncertainties of magnetic-field mapping.) Therefore these fluxes are measured well within the inner plasma sheet.
[11] The sharp transition between P 1 -P 2 at L = 7.5 R E is remarkable given the smooth variation of j e (t; L) with L. This effect is due to the magnetopause limiting the region of long-term trapping. The magnetopause dayside position is normally at 9 -10 R E , but interplanetary pressure increases temporarily push the boundary even within the geosynchronous orbit. Fluxes at L > 7.5 R E are therefore marginally trapped in the long-run: using a lagged correlation function instead of the correlation coefficient (1) shows that the effective average lifetime of trapped flux is only 2 days in P 2 as opposed to >10 days for P 1 . As a result, the trapping capacity of P 2 is much lower than that of P 0 and P 1 .
[12] To better distinguish between P 1 and P 2 we revisit our earlier work on precursor analysis [Vassiliadis et al., 2003 ]. There we determined the geoeffective profiles of solar wind and IMF variables preceding a high-value, spatially integrated log-flux. While the analysis was based on a single spacecraft (SAMPEX) and energy range, it provides guidance here. For the activity over a range [L 1 , L 2 ] at time t a precursor was defined from T recent V SW measurements:
Similar profiles were defined from the IMF B z (t) component and the solar wind density r SW (t) and other variables. Precursors to the most active days at a given L shell change abruptly across L = 7.0 ± 1.0: Representative profiles in Figure 3 show that P 1 's precursor is of low density and high speed, and lasts 5 -7 days, i.e., a highspeed stream of well-known geoeffectiveness [Paulikas and Blake, 1979] . In contrast, the precursor geoeffective in P 2 is a high-density, low-speed structure. Also the IMF B z precursor for P 1 is negative, consistent with dayside magnetic reconnection and seed-electron production, while for P 2 it is positive, implying a weak nightside reconnection poleward of the cusp. The same contrast is seen in IMF |B| and D st -index profiles. This clearly suggests that fluxes in P 2 intensify during very different interplanetary conditions than in P 1 and therefore the respective coupling mechanisms must be very different. Region P 2 appears to be associated with an inflated magnetosphere relative to the solar wind conditions giving rise to P 0 and P 1 . (Note Figure 3 . Precursor analysis highlights the differences on each side of the P 1 -P 2 boundary: A geoeffective interplanetary structure (the ''precursor'') produces a subsequent disturbance in the flux levels over a range of L shells. Each panel shows an averaged precursor variable: solar wind velocity (cf. equation (3) that precursors for P 0 do not differ markedly from those of P 1 for these daily-average data.)
Other Regions
[13] Other regions identified in the correlation function diagram include the slot region at 2.0 < L < 3.0 R E which produces a characteristic quadrupole pattern (Figure 2a ): its center, at $2.6 R E , is poorly correlated with other parts of the belts, while its two edges are strongly correlated with each other. The high correlation suggests that the fluxes vary in a synchronized manner over long periods of time, i.e., precipitation occurs at similar rates at the slot edges and may involve long-range wave fields. Also distinguishable in the C(L 1 , L 2 ) graph is the inner zone at L < 2.0.
Solar Cycle Variability
[14] At long time scales, the region size is modulated by the interplanetary input (Figure 4) . The radial extent of P 1 decreases from solar minimum [1995] to maximum [2001] : Shocks and coronal mass ejections (CMEs), which increase in occurrence during the ascending part of the cycle [e.g., Richardson et al., 2001] , continually compress and energize the magnetosphere. While they lead to electron storms, they also erode the outer part of P 1 which is replaced by the ''quasitrapped'' P 2 fluxes. A solar cycle variation is also evident for P 0 . SAMPEX and Akebono measurements are fairly consistent through the cycle and agree with a fourth spacecraft, GPS NS-33, which is limited to L > 4.0 (only data from 1996 have been examined for NS-33). The modulation of the individual regions is in agreement with earlier results on the periodicity of the total trapped electron flux and its response [Baker et al., 1999; Li et al., 2001; Vassiliadis et al., 2002] .
Discussion
[15] The complex temporal patterns of the relativistic electron flux reveal a structured inner magnetosphere, not expected from earlier, more spatially-limited, observations, but in agreement with findings of magnetospheric coherence [e.g., Kanekal et al., 2001] . Correlation analysis shows that the planetary field configuration allows for three distinct trapping regions with markedly different physical sizes and trapping capacities. The regions retain their identity through the solar cycle and in response to interplanetary parameters. The correlation structure contrasts the effects of the slow ''shear-hydrodynamic'' coupling on fluxes in P 1 , through viscous interaction, wave excitation, and diffusion, with a rapid ''ram-hydrodynamic'' coupling for P 0 , probably related to B z and r SW , or the Northward-B z coupling for P 2 with a possibly significant role for cusp acceleration [Sheldon et al., 1998 ]. The large-scale dynamics of each region arise as a prototypical nonlinear mode of a planetary magnetosphere excited by the time-variable solar wind. 
